The first non-covalent functionalization of black phosphorus (BP) is presented. The treatment of BP with electron-withdrawing 7,7,8, leads to electron transfer from BP to the organic dopant. On the other hand, the non-covalent interaction of BP with perylene diimide is mainly due to van-der-Waals interactions but also leads to a considerable stabilization of the BP flakes against oxygen degradation.
interactions. It was possible to isolate and completely characterize functionalized few-layer BP. The experimental results were supported by quantum mechanical calculations.
The chemical approach with which we propose to develop the non-covalent functionalization involves the combination of pristine BP crystals with TCNQ -an extremely versatile building block for charge-transfer compounds [19] -under inert conditions using an argon-filled glovebox (O 2 < 0.1 ppm and H 2 O < 0.1 ppm; see methods) and mild magnetic stirring (Scheme 1). The appropriate selection of the solvent has a tremendous influence on the process. We initially anticipated that high-boiling point solvents like NMP or CHP were expected to form tightly packed solvation shells adjacent to BP surfaces acting as a barrier to oxygen/water.
However, a screening study with different solvents showed that surprisingly TCNQ is able to oxidize some of these systems creating charge-transfer complexes (see Supplementary Methods and Fig. S1 ). As depicted in Fig. 1a ,b, TCNQ exhibits characteristic absorption spectra for the neutral (TCNQ), the aromatized anion radical (TCNQ ·-) and the dianion (TCNQ 2-). [20] The generation of the TCNQ 2-requires an exhaustive 2e -reduction (bulk electrolysis) and working under rigorous exclusion of O 2 . [20] When the study was performed under extremely inert conditions as we did, several charge-transfer steps between the solvents and the TCNQ took place (Fig. S1) . Indeed, the spontaneous formation of the monoanion TCNQ ·-takes place for NMP or CHP, whose spectra reveal the presence of the aromatic form even after exposing the solutions to air. It is most likely that the corresponding radical-cation of the pyrrolidone is formed during this process. Therefore, a suitable selection of an inert solvent was required for developing the redox non-covalent functionalization of BP.
To this end, THF turned out to be the most appropriate since and it does not react with BP.
For the preparation of the targeted non-covalent hybrids between BP and TCNQ, a mixture of ca. 5 mg of grinded BP in 3mL of a 1E -5 M TCNQ solution in THF was vigorously stirred during a minimum of 3 days in the glovebox, carefully controlling the O 2 content during all the working period. Indeed, the high quality of the solvent is also reflected in the absence of water absorption peaks in the nIR spectra at around 1430 nm (Fig. S1 ). Subsequently, a dark colloidal suspension exhibiting the characteristic Faraday-Tyndall effect was obtained. The first clue of the success was offered by UV/Vis spectroscopy, showing the exclusive formation of a species with a similar UV/Vis spectrum as the TCNQ dianion (hereinafter BP-TCNQ). exhibiting a marked shift in the bands for values higher than 1E -3 M. Free TCNQ only appeared at concentrations ≥1E -3 M, therefore, the optimal working range was 1E -5 -1E -4 M, which we then used for the sample preparation and further characterization. Additional evidence of the formation of the charge-transfer complex was provided by ATR-FTIR.
In the ATR-FTIR spectrum of pristine THF suspensions of BP, TCNQ, and the functionalized BP ( Fig. 1d) , one can see that the parent TCNQ exhibits the characteristic vibration frequencies of the cyano group at ca. 2224 cm -1 .
Scheme 1. Functionalization scheme. (a)
Representation of the functionalization of BP without sonication using a strong electron-withdrawing acceptor, TCNQ, and bulk black phosphorous, leading to the formation of charge transfer compounds consisting on few-layers BP decorated with TCNQ Second functionalization approach is based on a novel EDTA-ligand containing an integral perylene bisimide (PDI) core. (b) Schematic representation of TCNQ (top) and PDI molecules (bottom) adsorbed on BP.
In stark contrast, the BP-TCNQ complex exhibits a doublet for the cyano group at 2199 and 2168 cm -1 , indicative of the formation of the TCNQ ·-, as well as a shoulder at around 2131 cm -1 , related to the TCNQ 2-formation (Fig. S2 ). These observations are in accord with previously reported samples of TCNQ 2--containing coordination polymers, [21] [22] [23] and point towards the formation of an anionic TCNQ species on BP under inert conditions, as previously predicted by theoretical calculations. [24] [25] [26] Compound BP-TCNQ was also investigated by scanning Raman microscopy (SRM). Typical results are depicted in Fig. 1e -g. We have selected different areas using an optical microscope, and measured the corresponding spectra with an excitation wavelength of 532 nm (Fig. S3 ).
All the spectra showed the characteristic modes of BP, labelled A g 1 , B 2g and A g 2 . We performed a statistical Raman mapping measuring a selected flake in Fig. 1e . We therefore analysed and plotted the A g 1 /A g 2 intensity ratio showing a well-defined image of the micrometric flake (with an overall thickness of ca. 20 nm subsequently determined by AFM, and corresponding to less than 35 layers), highlighting that there were no areas with A g 1 /A g 2 < 0.4 confirming the basal planes to be slightly oxidized. [11] However, significant differences can be observed if compared with CHP solvent-stabilized few-layers BP, in which A g 1 /A g 2 > 0.5, indicative of the redox reaction with the TCNQ in addition to oxygen degradation. [15] Control experiments under inert conditions revealed very similar results (average A g 1 /A g 2 ratio around 0.6), showing a slight oxidation in the basal plane (see Fig. S4 ). Consequently, we searched for the characteristic bands of anionic TCNQ. Well-defined ν3 and ν4 modes at ca. 1580 and 1329 were measured in the basal planes, pointing towards a preferential accumulation of TCNQ at the edges. (Fig. S4b) . [27] Despite the contributions from residual solvent and adhesion effects, the apparent AFM thickness provides useful information about the exfoliation degree of BP-TCNQ. We have relocated under the AFM the same flake previously studied by SRM (Fig. S3 ). The inset in Fig.   1e shows a typical thickness of ca. 20 nm with lateral dimensions of several microns (see Fig.   S5 ). . The TCNQ molecule exhibits a quinonoid structure, with a high single-double bond length alternancy, where R and R are much shorter than R . [28] The characteristic degradation protuberances usually ascribed to the formation of H 3 PO 3 and/or H 3 PO 4 were also evident in the topographic image (taken after the SRM analysis was finished, i.e. around 24h after its first contact with the oxygen), indicating that the interaction with the TCNQ molecules didn't prevent the degradation of the flakes (see Fig. S4 ). Thinner flakes can be encountered, but they also exhibit smaller lateral dimensions (< 1 micron), precluding its use in further statistical Raman analysis (see Fig. S5 ). Herein, our strategy represents a milder alternative to our previously described sonication procedure and yields larger flakes (inset Fig. 1e and Indeed, our group has used these molecules for the non-covalent functionalization of carbon nanotubes, graphene or MoS2, exhibiting a strong absorption due to their large aromatic core that can get attached to the 2D layers via van-der-Waals interactions. [30] [31] [32] The structure of the selected molecule is depicted in Scheme 1, we used a protected EDTA-PDI molecule in order to avoid any preferential interaction of the carboxylic moieties (see Fig. S7 for synthetic information). [33] Control experiments revealed that NMP can generate highly colored chargetransfer complexes with the PDI molecules, when working under strictly inert conditions, which exhibits a dramatic sensitivity against oxygen (see Fig. 3b and Fig. S8 ). This striking result will be fully developed and analyzed in a separate work. The first signature of the PDI functionalization can be substantiated by fluorescence spectroscopy (Fig. 3c) . Upon excitation at 455 nm, the PDI emission exhibited a dramatic quenching of the fluorescence of ca. 66 % in the presence of BP, in excellent accordance with previous studies for graphene functionalization (Fig. 3c ). [31, 34] . Although perylene diimides exhibit a very strong fluorescence -which usually prevents their investigation by Raman spectroscopy -we were able to relocate with AFM appropriate flakes and record a Raman spectrum of the BP-PDI comprising both the features of BP and PDI, when excited at 532 nm ( to that shown by freshly exfoliated flakes and remarkably higher than that exhibited by BP-TCNQ, indicative of non-oxidized samples (Fig. S14 ). Additionally, we measured a substrate after 6 months stored in a glove box, observing that there is no degradation (Fig. S15 ). We also analysed the thermal stability of these flakes after air exposure by statistical temperaturedependent Raman spectroscopy ( 
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Functionalization procedure in the glove box
The different solvents (THF, DME, NMP, CHP, DMSO, benzonitrile, and pentane; Sigma- Upon introduction to the Glovebox, the samples were stored in dark bottles until the experiment were completed. The mother solutions of TCNQ and PDI were prepared in situ with an initial concentration of 1E -2 M in THF or NMP, which was afterwards diluted to the desired concentration. BP crystal was ground inside the Glovebox and used as a crushed powder. In a typical procedure an excess of 5 mg of BP were added to 3 mL of the final solutions. 1,2 The samples were magnetically stirred in situ at 1100 rpm for a total of 3-5 days.
After stirring the samples were subjected to centrifugation at 1000 g for 1 minute in situ to remove the non-exfoliated particles.
For the absorption spectroscopy (Lambda 1050, see below) or fluorescence spectroscopy (Horiba Scientific Fluorolog-3, see below) the samples were disposed in sealed vials. After the measurements, the samples were discarded. For the entire study the samples were stored under conditions with water and oxygen contents of < 0.1 ppm.
Karl Fisher titrations of solvents
To determine the water content of solvents we used the "Karl Real space studies of the samples were carried out by aberration corrected scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) in a JEOL JEM-ARM200CF electron microscope equipped with a spherical aberration corrector, a cold field emission gun and a Gatan Quantum EEL spectrometer, operated at 80 kV. The measurements were performed at the Centro Nacional de Microscopia Electrónica (UCM), Madrid, Spain. The suspended BP samples were dropped onto lacey carbon coated copper TEM grids under strictly inert conditions. The samples were then stored in vacuum overnight.
The images were recorded using a 80 kV acceleration voltage using both a high field annular dark field detector (HAADF) and annular bright field imaging (ABF). The suspended samples were dropped onto lacey carbon coated copper TEM grids as described above. For the PDI samples, the grids were submitted to air ion cleaner prior to be measured (EC-52000IC Ion Cleaner). The images were recorded using a 80 kV acceleration voltage using a high field annular dark field detector (HAADF) and low-pass bright field imaging.
Atomic force microscopy (AFM) was carried out using a Solver Pro scanning probe microscope (NT-MDT Co) in tapping mode and high accuracy HA_NC Etalon tips, as well as 120°C under inert conditions. The incident laser power was kept as low as possible to avoid structural sample damage: 240 µW (532 nm), and the grating was 1800 g·mm -1 . The spectra were recorded in both inert atmosphere (using a home-made sealed holder) and air under ambient conditions. Relocalization was achieved by using the optical contrast of nanomaterials deposited on opaque bilayered substrates.
DFT calculations:
All DFT computations were performed using the projector-augmented plane wave method as implemented in the Vienna ab-initio simulation package 3,4 within the slab model approach. We adopted the exchange-correlation functional according to Perdew, Burke and Ernzerhof (PBE) 5 together with the van-der-correction D3 by Grimme 6 
(in connection with
Becke-Johnson damping 7 ) to account for van-der-Waals interactions. The plane-wave energy cut-off was 450 eV. Geometry optimizations were carried out using the "Gadget" driver by
Bučko et al. 8 and were considered converged when all residual force components were smaller than 0.01 eV/Å. Vibrational frequencies were computed by finite differences, in these cases the geometry was optimized until all force components were smaller than 0.001 eV/Å.
The Brillouin zone was sampled by 3x3x1 Monkhorst-Pack k-point sets. 9 For the final energies the Tetrahedron method including Blöchl corrections for interpolation between the kpoints was employed. 10 For details about the slab-models see supplementary material.
DFT calculations: slab models
Single-layer BP was optimized using orthorhombic cells containing four P-atoms. An 
UV/Vis-nIR spectra of NMP-TCNQ and CHP-TCNQ charge-transfer complexes with and without oxygen.
The absorption spectra before and after opening the sealed cuvettes revealed a marginal influence of the oxygen on the absorption bands, highlighting the formation of strong chargetransfer complexes.
It has turned out that the choice of the solvent to be used as the dispersing reagent for wetchemical functionalization is very crucial. We have discovered that typical solvents such as 1-methyl-2-pyrrolidinone (NMP) or CHP to disperse 1D-and 2D-nanomaterials undergo an intrinsic electron transfer process with TCNQ. Although this discards them for the targeted functionalization procedure of BP this new finding is highly interesting itself.
Supplementary Figure 2 | ATR-FTIR analysis of BP-TCNQ.
As a general rule, the ν (C≡N) modes are expected to shift to lower energies when the negative charge on the TCNQ increases. 12 Especially sensitive are the ungerade bands of ν 20 and ν 34
(which are nearly degenerate and appear at 1506 cm -1 in BP-TCNQ; numbering of the bands is as in Ref. 31 ), and ν 50 (at 802 cm -1 , with an additional broad band at ca. 821 cm -1 ), which are shifted to lower frequencies when the charge on the TCNQ is increased, a fingerprint of the formation of TCNQ anions. Obviously, as the ATR-FTIR spectrum was acquired under atmospheric conditions, the formation of the monoanion also occurs.
Supplementary Figure 3 | Optical-AFM relocalization.
The flake size of the exfoliated BP material can reach the micrometer scale, facilitating a fast exploration of a wafer under the optical microscope, to identify the type and position of the BP, as well as hinting at the expected thickness of each flake, due to a thickness dependent contrast and color. Each wafer was transferred under the AFM, which has a less powerful optical microscope attached. The previously found points of interest can thereby easily be located again, in order to find the right position for the cantilever.
Optical microscopy (100x) of BP flake with large area and contrast hinting at thin structure The PDI derivative has been synthesized according to Marcia et al. 19 Briefly, the PDI precursor was prepared by stirring a mixture of PTCDA (10 g, 2.6·10 -2 mol) and 1,4 diaminobutane (4 eq.) in toluene (250 mL) at reflux (110 °C) for 4 hours. After cooling down to room temperature, the mixture was filtered under vacuum and washed with toluene. The crude solid was then re-suspended in KOH 5 M (200 mL) and stirred for 15 hours at ambient temperature. Subsequently, the suspension was filtered and PDI precursor was collected as a red-brownish solid, which was dried in vacuum (16.4 g, yield = 89 %). Afterwards, a mixture of the PDI precursor (280 mg, 5.3·10 -4 mol), acetonitrile (15 mL), DIPEA (10 eq.), and tertbutyl bromoacetate (8 eq.) was stirred at 60 °C for 24 hours. Once cooled down to room temperature, it was vacuum filtered and the crude solid was washed with acetonitrile and water. Subsequently, the solid residue was dissolved in chloroform (5 mL) and hexane was added (100 mL). The mixture was stirred for 10 minutes at room temperature and then let stand for one night. The precipitate was filtered and dried under vacuum. The PDI is isolated as a brown solid (70 mg, yield = 13 %).
Supplementary Figure 9 | Optical-AFM-Raman relocalisation and correlation for BP-
PDI.
The relocalization makes use of the well-known optical contrast of nanomaterials deposited on opaque bilayers. To shed light on the nature of the interactions between the two studied molecules TCNQ and PDI, we also performed DFT calculations. First, the interaction of TCNQ and PDI with single-layer BP (SL-BP) was investigated. In case of TCNQ we considered different adsorption geometries on the surface of SL-BP but found that the results did not depend significantly on the adsorption geometry. The most stable configuration is depicted in Fig.   S17a , which is the same structure as found by Jing et al. in a recent study. 22 The adsorption energy of TCNQ on SL-BP is found to be between −1.31 to -1.29 eV (depending on the relative orientation between TCNQ and the BP monolayer), which indicates a rather strong The adsorption energy of PDI is -2.01 eV, but in contrast to TCNQ the binding is purely due to van-der-Waals interactions, which is illustrated by the fact that the contribution from the van-der-Waals correction to the binding energy is -2.30 eV, i.e. without this correction PDI would be repelled from the BP monolayer. Moreover, the charge transfer from SL-BP to PDI is much more limited, 0.10 |e|, although the distance between PDI and SL-BP (3.0 Å) is similar to that of TCNQ and SL-BP.
In case of TCNQ the adsorption on double-layer BP (DL-BP) and intercalation between two monolayers was investigated as well. The binding energy of TCNQ on DL-BP is even less dependent on the orientation than on SL-BP and amounts to -1.58 eV, i.e. is more stable than 16 Moreover, the degradation of the black phosphorus is also reflected in the decrease of the lateral dimensions. This is evident from both the SRM mappings and the optical micrographs. The step size was 1 micron.
